For proper control of biological activity, some key genes are highly expressed in a particular spatiotemporal domain. Mining of such spatiotemporally expressed genes using large-scale gene expression data derived from a broad range of experimental sources facilitates our understanding of genome-scale functional gene networks. However, comprehensive information on spatiotemporally expressed genes is lacking in plants. To collect such information, we devised a new index, Ád max , which is the maximum difference in relative gene expression levels between sample runs which are neighboring when sorted by the levels. Employing this index, we comprehensively evaluated transcripts using large-scale RNA sequencing (RNA-Seq) data stored in the Sequence Read Archive for eight plant species: Arabidopsis thaliana (Arabidopsis), Solanum lycopersicum (tomato), Solanum tuberosum (potato), Oryza sativa (rice), Sorghum bicolor (sorghum), Vitis vinifera (grape), Medicago truncatula (Medicago), and Glycine max (soybean). Based on the frequency distribution of the Ád max values, approximately 70,000 transcripts showing 0.3 or larger Ád max values were extracted for the eight species. Information on these genes including the Ád max values, functional annotations, conservation among species, and experimental conditions where the genes show high expression levels is provided in a new database, CATc hUP (http://plantomics.mind.meiji.ac.jp/CATchUP). The CATchUP database assists in identifying genes specifically expressed under particular conditions with powerful search functions and an intuitive graphical user interface.
Introduction
For controlling biological activity in multicellular organisms including land plants, accurate spatiotemporal regulation of gene expression is required (Shen-Orr et al. 2002 , Maston et al. 2006 . Some genes encoding key factors involved in control processes are known to be predominantly expressed under particular conditions (Rounsley et al. 1995 . For instance, TERMINAL FLOWER 1 (TFL1, AT5G03840.1) gene, which functions as a pivotal regulator of phase transitions of the meristem in Arabidopsis thaliana (Arabidopsis), is strongly expressed in inflorescence meristems, particularly in the region just below the apical dome (Bradley et al. 1997, Hanano and Goto 2011) . Another Arabidopsis gene, RD29B, which has been implicated in memory of drought stress, is highly induced under dehydration stress (Sakuma et al. 2006 , Ding et al. 2012 . In this study, we call genes that are predominantly expressed under particular conditions 'spatiotemporally expressed genes'. Identification of spatiotemporally expressed genes will facilitate gaining new insights into gene functions involved in the control of biological activity.
Because of the potential usefulness, information related to spatiotemporally expressed genes of plants has been provided in web databases. For example, the TissueDistributionDBs (http://genius.embnet.dkfz-heidelberg.de/menu/tissue_db/) provides information on tissue distribution profiles of genes based on relative frequency of expressed sequence tags (ESTs) of 20 model organisms including 10 plant species (Kogenaru et al. 2010) . While this database stores expression profiles not only of tissue-specific genes but also of other genes, tissue-specific genes can be retrieved by searching with a proper setting of conditions. Another database PaGenBase (http://bioinf.xmu. edu.cn/PaGenBase/) provides information on genes showing several particular expression patterns including spatiotemporally specific expression patterns (Pan et al. 2013) . With the database PaGenBase, the information on approximately 4,000 spatiotemporally expressed genes of Arabidopsis and Glycine max (soybean) is accessible. The spatiotemporally expressed genes stored in the database were detected from microarray experiments for leaves at six developmental stages of Arabidopsis and 26 tissues of soybean.
While the EST-based and microarray-based approaches have been employed in exploration of spatiotemporally expressed genes, RNA sequencing (RNA-Seq) method have emerged as another approach for comprehensive gene expression analysis with several advantages (Wang et al. 2009 ). The RNA-Seq approach allows us to comprehensively measure expression levels of all transcripts without designing probes. After the emergence of the RNA-Seq, RNA-Seq data have been continuously deposited into public databases, e.g. the NCBI Sequence Read Archive (SRA) database (Leinonen et al. 2011 ). The plant RNA-Seq data stored in the SRA database already contained various sample types: different tissues and organs, developmental stages, strains, genotypes, treatments with biotic or abiotic stimuli, and growth conditions (all referred to below as 'experimental conditions'). By using the large-scale RNA-Seq data, data mining for genes showing particular expression patterns have been made in recent years (Hernandez-Gomez et al. 2015 , Kawahara et al. 2016 , Kudo, et al. 2016 . Thus, the publicly available RNA-Seq data are preferable sources to comprehensively obtain information on spatiotemporally expressed genes in a broad range of experimental conditions. Such comprehensive information should be helpful to gain insights into functional gene networks controlling biological activity but has not been provided previously in public databases.
In this study, we constructed a web database, CATchUP (http://plantomics.mind.meiji.ac.jp/CATchUP) to store and publically provide the information on spatiotemporally expressed genes on the basis of the public RNA-Seq data of plants. To globally collect the information, we developed a statistical method for the mining of spatiotemporally expressed genes using large-scale RNA-Seq data. In addition, we imported the manually curated descriptions of experimental conditions for the RNA-Seq data from the Plant Omics Data Center (PODC) database (Ohyanagi et al. 2015 , http://plantomics. mind.meiji.ac.jp/podc/). With functions to search for experimental conditions as well as for genes, CATchUP facilitates mining of genes that are predominantly expressed under the experimental conditions of interest. The current version of CATchUP contains information on genes in eight plant species, Arabidopsis, Solanum lycopersicum (tomato), Solanum tuberosum (potato), Oryza sativa (rice), Sorghum bicolor (sorghum), Vitis vinifera (grape), Medicago truncatula (Medicago), and Glycine max (soybean).
Results
Calculation of "d max using RNA-Seq-based global expression data
In this study, we used RNA-Seq-based transcriptome expression data provided in the PODC database. These gene expression data were calculated from RNA-Seq data of eight species (i.e. Arabidopsis, tomato, potato, rice, sorghum, grape, Medicago, and soybean) deposited in the SRA database (Ohyanagi et al. 2015) . The expression data of each species are presented as a matrix in which the elements are FPKM (fragments per kilobase of exon per million mapped sequence reads) values, row names are transcript IDs, and column names are run IDs. Here, the 'run' is the smallest data unit in the SRA database and is typically equivalent to a single technical or biological replicate sample.
In the exploration of candidates for spatiotemporally expressed genes, breadth of experimental conditions is an important factor determining its completeness. In the dataset used in this study, variation in experimental conditions differed for different species. For example, the expression data of grape originated from only four types of tissues, i.e. fruit, leaf, pericarp, and whole plant. In contrast, the Arabidopsis data were prepared from 21 tissue types including leaf, root, embryo, and pollen. Of course, when expression data are lacking for certain types of experimental conditions, genes that are predominantly expressed under those unexamined conditions can never be identified by analyzing the data. Therefore, the chance of accurately identifying spatiotemporally expressed genes is less for the species with less sample variation than for the species with more sample variation. However, at the time of data collection, the data used contained almost all experimental conditions available in the SRA database. Taking the most realistic approach, we targeted all eight species.
For each transcript of the eight species, Ád max was calculated as described in Materials and Methods. When the frequency of transcripts associated with particular ranges of Ád max values (in intervals of 0.1) was counted, a peak in frequency was found in the fraction 0.1-0.2 in all species ( Supplementary Fig. 1 ). Looking at the cumulative distribution, relative frequency was >5% at a Ád max value of around 0.6, >10% at around 0.5, and >20% at around 0.3 (Fig. 1) .
Filtering genes by "d max value
With the view of maintaining a practical search response time in the database, we decided to filter out transcripts showing low Ád max values. To determine a threshold value of Ád max for the filtration, the frequency distribution of runs assigned with one or more transcripts satisfying a threshold (candidates for spatiotemporally expressed genes at that threshold) was calculated, changing the threshold Ád max value from 0.1 to 0.9 at intervals of 0.1 (Fig. 2, bar graphs) . When applying 0.1 as the threshold value, $86% of runs were assigned with candidate transcripts in Arabidopsis while almost all (>99%) of the runs were assigned with candidates in other species. The percentages decreased to <50% when the threshold was increased to 0.4 in Arabidopsis, to 0.5 in tomato, to 0.6 in soybean, to 0.7 in rice, sorghum and potato, and to 0.8 in Medicago. Thus, to obtain candidates for 50% or more of all runs in all species, 0.3 was the first choice as a threshold value.
The runs with candidates assigned were further classified by the number of assigned candidate transcripts, changing the threshold Ád max from 0.1 to 0.9, and relative frequency of the runs was calculated for each class (Fig. 2, heat maps) . As expected, along with the reduced threshold value, the frequency of runs assigned with more candidates tended to increase. Particularly in sorghum, grape, potato, and Medicago, this trend was clearly observed with a threshold value of 0.4 or smaller, at which the frequency of runs with one or more candidate transcripts assigned was saturated. This observation suggested that transcripts that were highly expressed in each sample with the most drastic difference were already extracted with a threshold value of 0.4 or greater, and that additional transcripts with smaller differences were assigned by filtration using smaller thresholds. These results suggest that 0.4 is an effective threshold for the filtering. However, since users of the database will have various purposes, we finally employed a relaxed threshold value, 0.3, for the filtering. After filtering with this threshold, 8,356 transcripts (26.5%) of Arabidopsis, 5, 693 (22.2%) of tomato, 15, 192 (27.6%) of soybean, 15,644 (42.0%) of rice, 7,084 (30.2%) of sorghum, 6,062 (25.0%) of grape, 5,114 (23.2%) of potato, and 6,887 (29.3%) of Medicago were extracted as candidates for spatiotemporally expressed genes (Fig. 1) .
Evaluation of the selection method based on comparison with known spatiotemporally expressed genes To evaluate our method, expression levels (FPKM values), Ád max values, and experimental conditions were investigated for 33 genes (eight genes of Arabidopsis, five of tomato, 11 of soybean, five of rice, one of sorghum, two of grape, and one of Medicago) that had been reported as showing tissue-specific Fig. 2 Threshold-dependent change in number of runs for which candidate transcripts for spatiotemporally expressed genes were assigned. Frequency of runs in which one or more transcripts were detected as candidates for spatiotemporally expressed genes with various threshold values for Ád max was calculated as percentage of all runs after classification of runs by the number of associated candidate transcripts. The relative frequencies (%) in each class and in total are represented as heat maps and bar graphs, respectively, for each species, namely Arabidopsis (A), tomato (B), soybean (C), rice (D), sorghum (E), grape (F), potato (G), and Medicago (H). Color scale is common among species, as shown in G. expression and four genes (three of Arabidopsis and one of potato) that had been reported as showing treatment-specific expression ( Table 1) .
Among these 33 gene loci reported as having tissue-specific expression, 23 showed both maximum FPKM values >10 and Ád max values >0.4 in at least one transcript ( Table 1) . Except for some transcript variants of soybean Glyma.14G052400, transcripts of these 23 genes were detected as specifically expressed in particular tissues, consistent with the previous studies. For example, the Arabidopsis TFL1 gene, which is strongly expressed in the inflorescence (Bradley et al. 1997 Fig. 3A) .
Among the 33 genes, AtRKD1 (AT1G18790), AtRDK2 (AT1G74480), and AtRKD3 (AT5G66990) of Arabidopsis and OsMADS78 (Os09g0116800) of rice showed a maximum FPKM value <10 in all transcripts ( Table 1) . While ATtRKD1 showed partial consistency with a previous report on tissue specificity of expression (ovule in a previous report by Koszegi et al. (2011) , and whole plant and seed in our analysis), the tissue specificity of expression of the three other genes clearly differed between the previous reports and our analysis. This lower consistency of tissue specificity in genes expressed at low levels might indicate instability of quantification in a low expression range, supporting the adequacy of the filtering with FPKM values.
The remaining 6 of the 33 genes showed Ád max values <0.4 in all transcripts (Table 1) . However, the experimental conditions in which these genes were highly expressed in our analysis were consistent with those in previous studies. Close observation of expression patterns suggested that the major factor causing the low Ád max values for these genes was resolution of experimental conditions in the dataset used. For instance, in the case of the ATS1 gene (AT4G26740), the transcript (AT4G26740.1) showed high expression in seed samples ( Table 1, Fig. 3B ), consistent with strong expression in later stages of embryo development reported by Nuccio et al. (1999) . However, in the dataset used in our analysis, seed samples of a mutant and transgenic lines varied in expression level, forming a gradient of expression, resulting in a low Ád max value of 0.11 (Table 1, Fig. 3B ). When the genetically modified seed samples were removed from the dataset, Ád max became 0.42, with the highest expression in wild-type seed samples (Fig. 3B) . Similarly, spatial and temporal resolution of experimental conditions was also involved in the low Ád max values of the genes (data not shown).
For the four genes reported as showing treatment-specific expression, all major transcripts showed significant expression levels (FPKM > 10) and Ád max values >0.5 ( Table 1) . The experimental conditions in which these genes were specifically expressed were consistent between the previous studies and this study for all four genes.
Comprehensive information on experimental conditions in RNA-Seq analysis
Information on the experimental conditions for each run in RNA-Seq analysis was downloaded from PODC. In the downloaded information, the experimental conditions for each run had manually been arranged in fields: anatomic origin, developmental stage, genetic background, genetic modification, and treatment. In particular, the anatomic origin and the treatments were assigned plant ontology (PO) and plant environment ontology (EO) terms, respectively. The PO terms describe plant anatomy, morphology, and developmental stages (Cooper and Jaiswal 2016) . The EO terms describe treatment and type of experimental conditions (http://browser. planteome.org/amigo/term/EO:0007359). Descriptions of the experimental conditions including the ontology terms are accessible through the keyword search, 'Ontology list', and 'Conditions' functions in CATchUP, as explained in later sections.
The search function for genes in CATchUP
In the CATchUP database, the gene search function using keywords is available on the top page (Fig. 4) . In the gene search function, keywords for transcript IDs, locus IDs, knowledgebased functional descriptions, gene ontology (GO) terms, the KEGG orthology (KO), the definitions of the KO, and protein domains are accepted as queries. The threshold value for Ád max is 0.6 by default, but selectable from 0.3 to 0.9 at intervals of 0.1 using a drop-down menu (Fig. 5A) . After clicking the submit button, a 'Gene search result' web page displays the retrieved information in table format (Figs. 4, 5A ). This table represents transcript IDs of candidates showing spatiotemporal expression, the experimental conditions in which each candidate is specifically expressed, and functional annotations such as knowledge-based functional descriptions, protein domains and orthologous groups (Fig. 5A) . The threshold Ád max can also be changed on this gene search result page by selecting from a drop-down menu displayed above the table.
The retrieved information includes hyperlinks to detail pages for information on orthologous genes ('Link to orthologous groups') and experimental conditions ('Link to samples showing specific expression') (Figs. 4, 5A). Information on gene expression profiles, functional annotations and gene expression networks is accessible through the external hyperlink 'Link to gene expression (PODC)'.
The search function for experimental conditions in CATchUP
On the top page in CATchUP, information on the experimental conditions in which one or more genes are specifically expressed is accessible (Fig. 4) . In the experimental condition search, keywords such as run IDs (e.g. SRR1652313), study IDs (e.g. SRP049707), titles of experiments, anatomic origins, treatments, developmental stages, genetic backgrounds, and genetic modifications are available as queries. As keywords, the terms provided from the 'Ontology' and 'Conditions' in the top menu are useful for efficient searches (see The 'Ontology list' and 'Conditions' function in CATchUP). Again, a threshold value for Ád max is selectable using the drop-down menu (Fig. 5A) .
After clicking the submit button, an 'Experimental condition search result' web page shows the retrieved information in a (Fig. 5B) . Using the filtering function, which is displayed above the table, users can extract the experiments (rows) having the keywords used for the filtering. The threshold Ád max can be changed, as in the experimental condition search result page. In the table, the transcript name in the column 'Candidate transcripts' has a hyperlink to a web page providing detailed information on samples (experimental conditions) in which the gene is specifically expressed. The loupe symbols displayed with the transcript name show the information page for the transcript (Fig. 5B) . The format of the information page for the transcript is the same as the format retrieved by the gene search function described above. By clicking on the PODC icon shown with the transcript name, users can easily access the web page in PODC that provides detailed information on the transcript. Through the external link to PODC, information such as gene expression networks and knowledge-based functional annotations is accessible.
The 'Ontology list' and 'Conditions' functions in CATchUP
The above-mentioned keyword search function provides general functionality to retrieve information on experimental conditions and genes specifically expressed under those conditions. However, when a keyword search with an arbitrary keyword results in no hits, it is difficult to know whether the information of interest is really not in the database or is stored using synonymous terms instead of the keyword. Since terms used to describe experimental conditions are relatively limited, a list of the terms is still short enough for users to scan manually. Therefore, to address the synonym problem in a search for experimental conditions, we developed two functions on the basis of the term listing, named 'Ontology list' and 'Conditions'.
The 'Ontology list' function provides a list of PO and EO terms assigned to samples used in this study. By clicking 'Ontology' on the top menu (Fig. 4) , an entry page of the 'Ontology list' is displayed (Fig. 6A) . This entry page provides a drop-down menu to select a threshold Ád max value, links to the 'Ontology list' pages for PO and EO, and instructions for the 'Ontology list' pages. On each 'Ontology list' page, the terms are listed in a table as row labels (Fig. 6B, C) . Each column of the table corresponds to one of the species. Each cell has two numbers. For example, a cell for the PO term 'carpel (PO:0009030)' in Arabidopsis represents '8 (1)' when applying 0.6 as the threshold value for Ád max (Fig. 6B) . The number '8' indicates that eight runs are assigned with the PO term in the Arabidopsis; and the number '1' in parentheses indicates that one or more transcripts showed significantly high expression levels in one of the eight runs. Similarly, '12 (6)' in a cell for the EO term '1-naphthaleneacetic acid treatment (EO:0007204)' in tomato indicates that 12 of all runs (samples) of tomato employed in the analysis have the EO term assigned, and that candidate genes specifically expressed in six of the 12 runs have been identified (Fig. 6C) .
When both the numbers in a cell are 0, the cell is shaded gray. When the number outside the parentheses in a cell is 1 or greater, the number is clickable. By clicking it, a list of all runs annotated with the ontology term for that row in the species for that column ('Run list') is displayed at the bottom of the same page (Fig. 6B, C) . In this list, star symbols indicate the conditions in which a gene or genes are specifically expressed. On the right side of the star symbol, the number of genes specifically expressed in the run (sample) is shown. The numbers are hyperlinked to a search result page for the single run, so that all candidate transcripts highly expressed in the run can be viewed.
The 'Conditions' function is directly accessible from the top menu (Fig. 4) . This function provides lists of words and phrases providing detailed information on the experimental conditions in which one or more candidate transcripts for spatiotemporally expressed genes are detected by applying a particular threshold value Ád max (Fig. 6D) . Hence, a keyword search for experimental conditions using these words or phrases promises retrieval of one or more runs assigned with candidate transcript(s) with the same or smaller threshold value. In the 'Condition' function, the threshold is set to 0.6 by default and can be changed by selecting from a drop-down menu (Fig. 6D) .
The detailed information page for a candidate transcript
Detail pages providing information on experimental conditions for each candidate gene are accessible by the hyperlinks for 'Link to sample showing specific expression' provided in the gene search result as described above (Figs. 4, 7A) . This page provides information on experimental conditions in which the gene is specifically expressed. Two tables are displayed on this page: a 'Summary' table (Fig. 7B) and a 'Main' table (Fig. 7C) .
The 'Summary' table provides brief information on the experiments. The first column shows a fraction for each experimental condition (row). The fraction indicates the number of (2) is submitted, retrieved information is displayed on a result page. The result page for a gene search provides a list of retrieved candidate transcripts and hyperlinks to detail pages for information on experimental conditions (3) and orthologous groups (4). The result page for an experimental condition search provides a list of retrieved experimental conditions and hyperlinks to detail pages for information on experimental conditions (5). On the top page, the 'Ontology list' function is accessible by clicking 'Ontology' (circled in red) (6). The 'Ontology list' provides lists of generalized terms for experimental conditions, namely Plant Ontology and Plant Environmental Ontology and hyperlinks to search result pages displaying experimental conditions annotated with the selected ontology term (7). On the top page, the 'Conditions' function is also accessible by clicking 'Conditions' (circled in blue) (8). 'Conditions' provides lists of ungeneralized terms for experimental conditions. Whereas this function provides no hyperlinks, the terms are useful as keywords in a search for experimental conditions by copying and pasting them. samples (runs) in which the gene was specifically expressed and the number of samples (runs) with the same experimental conditions (in general, the number of biological replicates in an experiment). Based on the fraction, users can assess reproducibility in expression profiling among runs (replicates and samples under the same experimental conditions). The elements in the table are shown on a gray background when none of the replicates (rows) have any genes specifically expressed under those experimental conditions. The 'Main' table at the bottom of the page represents detailed information on each run. The table contains a list of run IDs (experimental conditions, replicates) in each study (experiment). When one or more genes are specifically expressed under the experimental conditions (the run), a star symbol is displayed in the first column of the row (experimental conditions). On clicking the loupe symbols displayed with the study IDs, information on only those replicates (runs) with at least one gene specifically expressed under the experimental conditions is shown, with all candidates associated with those runs on a search result page for the experimental conditions (Fig. 5B) . The loupe symbol is also displayed with the run IDs when one or more genes are specifically expressed under the experimental conditions. Clicking it opens a search result page displaying summarized information on the run including all candidate transcripts associated with the run.
The detailed information page for orthologous groups
As described above, the hyperlinks for 'Link to orthologous groups' in the table retrieved from the gene search function shows the detail pages providing information on orthologous groups (Figs. 4, 7D) . The 'Orthologous group' page contains a list of orthologous genes (including paralogous genes). The table for each gene presents the experimental conditions under which the gene was specifically expressed. From the hyperlink for the transcript ID, detailed information on experimental conditions is accessible (Fig. 4) .
The information on orthologous groups assists in understanding the biological functions of candidate genes. For example, Glyma.07G043300.1 (soybean), Os03t0168600-01 (rice) and Sobic.001G491400.1 (sorghum), which showed values for Ád max > 0.6, belong to the same orthologous group; the three genes have similar protein coding sequences. Based on our analysis, Glyma.07G043300.1 is specifically expressed in flowers (SRR1174232), and the other two genes (Os03t0168600-01 and Sobic.001G491400.1) are specifically expressed in the inflorescence (SRR617236 and SRR349646, respectively). The similarities in coding sequences and specific expression profiles of these three genes in both a dicot and monocot indicate that they act on the same biological process. This orthologous group has another gene, PGSC0003DMT400097550 (potato). The potato gene was identified as a candidate showing spatiotemporal expression in our analysis, so the potato gene may play the same role as the three genes in soybean, rice and sorghum. However, the experimental conditions (including the organs) in which the gene is specifically expressed are unclear since their description is 'mixed tissue'.
An example of searching procedure with a keyword search for genes
Here, an example of search procedures in CATchUP starting with a keyword search for genes is described (Fig. 8A) . In this search, 'MATE' was used as a keyword to retrieve candidate Fig. 7 Detailed information pages in CATchUP. (A) A detail page for a candidate transcript for a spatiotemporally expressed gene. Experimental conditions (runs, replicates) under which the transcript was specifically expressed are displayed in two tables (B, C). (B) A summary table on the detail page for the candidate transcript providing summarized information on experimental conditions. This table presents a fraction, where the denominator indicates the number of all runs (samples, replications) with exactly the same experimental conditions and the numerator indicates the number of runs in which the transcript was specifically expressed. Based on the fraction, users can assess the reproducibility of high expression among runs with the same experimental conditions. (C) A main table in the detail page for a candidate transcript providing detailed information on experimental conditions of each run. In this figure, the rows with the same color had the same experimental conditions. (D) A detail page for an orthologous group. Each table shows the experimental conditions (samples) in which each member of the group is specifically expressed. The format of the table is identical with the summary table in a detail page for the candidate transcript (B). The Dd max value of each member is shown in the navigation list located on the left side of the page.
genes encoding multidrug and toxic compound extrusion (MATE) family proteins. The MATE family proteins, which are broadly conserved from prokaryotes to eukaryotes, typically function as efflux transporters of small organic compounds (Hvorup et al. 2003 , Yazaki 2005 , Omote et al. 2006 . In plants, the MATE-type transporter genes compose a large gene family (Hvorup et al. 2003 , Yazaki 2005 . For example, more than 50 genes have been identified in the Arabidopsis genome, implying diverse functions (Hvorup et al. 2003 , Omote et al. 2006 , Wang et al. 2016 ). However, their transport properties and physiological roles remain incompletely understood (Wang et al. 2016) .
A search for genes using 'MATE' as a keyword and selecting 0.8 for the threshold Ád max retrieved 37 transcripts. Since genes not encoding MATE proteins were also retrieved, the search result was narrowed by filtering with another keyword, 'efflux', on the search result page (Fig. 5A) , resulting in nine remaining transcripts. Among them, a transcript for Arabidopsis MATE family gene (AT4G00350.1) was described as specifically expressed in pollen (Ád max = 0.88). Furthermore, the search result table indicated that there are orthologous genes in rice (Os02t0821600-00) and Medicago (Medtr1g100180.1) showing Ád max > 0.8. To see more detailed information, 'Link to orthologous group' was clicked to display a detail page for these orthologous genes (Fig. 7D) . The detail page showed that AT4G00350.1 was specifically expressed in both duplicated dry pollen samples. Furthermore, Os02t0821600-00 and Medtr1g100180.1 were described as specifically expressed in anther and flower, respectively, both of which must contain pollen. Based on these search results, it can be hypothesized that these three MATE family genes play a pollen-specific role and that the function is conserved among plant species.
An example of a search procedure using the 'Ontology list' function This section presents an example of procedures to search CATc hUP for genes specifically expressed after treatment with fungi (Fig. 8B) . The default value (0.6) was used for the threshold Ád max in this example. Among the EO terms listed on the 'Ontology list' page for EO (Fig. 6C) , three terms indicate treatment with fungi: 'Ascomycota treatment' (EO:0007107), 'Basidiomycota treatment' (EO:0007073), and 'Glomeromycota treatment' (EO:0001058). Here, we focused on 'Ascomycota treatment' in Arabidopsis for the purpose of explanation. The cell for 'Ascomycota treatment' in Arabidopsis indicated that there are 74 runs annotated with this EO term and that one or more genes were specifically expressed in four of the runs. The 'Run list' for the 'Ascomycota treatment' in Arabidopsis shows that SRR1049385 and SRR1049386 were assigned a single candidate transcript, and that SRR391051 and SRR391052 were assigned four transcripts. According to the description in the 'Genetic modification' field of the 'Run list,' it was assumed that the former pair of runs were derived from a mutant whereas the latter pair were from wild type. To identify candidate genes that naturally function in response to fungi, two web pages linked from the number '4' next to the star symbols in the rows for SRR391051 and SRR391052 were opened. The two pages opened, which were search result pages for the experimental conditions (Fig. 5B) , showed that the four transcripts specifically expressed in the two runs were identical: WALK16 (AT3G25490.1), AtGSH1 (AT4G23100.3), PGDH1 (AT4G34 200.1), and GLIP1 (AT5G40990.1).
A literature search for these genes revealed that AtGSH1 and GLIP1 are involved in defense against ascomycetes (Oh et al. 2005 , Hiruma et al. 2013 . Also, expressional responses of PGDH1 to Botrytis cinerea, an ascomycete, have been reported, suggesting its involvement in defense against pathogens through synthesis of phytoalexin camalexin (Benstein et al. 2013) . On the other hand, the function of WAKL16 encoding a cell wall-associated kinase (WAK)-like protein remains unknown, though some WAKs have been implicated in the response to pathogens (Verica and He 2002) . The 'Ascomycota treatment' specific expression leads to the hypothesis that WAKL16 is involved in the defense against fungi, particularly against ascomycetes.
Discussion
To facilitate the understanding of a genome-scale functional gene network in plants, we developed a database to store information on genes showing spatiotemporally specific expression. We developed a statistical method to identify candidates for spatiotemporally expressed genes using large-scale RNA-Seq data available from the SRA database. After analysis using this statistical method and the selected threshold value of our index Ád max , information on approximately 70,000 transcripts of the eight plant species was stored in a newly constructed database, CATchUP.
While the primary data used in the CATchUP are shared with our other database, PODC, CATchUP provides specially developed functions and an intuitive user interface by optimizing them for the aims of this study. For example, the 'Ontology list' and 'Conditions' functions (Fig. 6) will save time otherwise spent on trial and error in searches for candidates under particular experimental conditions of interest. A summary table on the detail page for experimental conditions (Fig. 7B) effectively provides information to estimate key experimental conditions determining the specific expression and to determine whether the specific expression is reproducible. Furthermore, the detail page for orthologous groups (Fig. 7D) helps users check for conservation of spatiotemporal expression across species.
Our statistical method was effective in identifying previously reported genes showing spatiotemporal expression as candidates for specific expression. For instance, consistent with previous studies (Mantyla et al. 1995 , Sakuma et al. 2006 , Ding et al. 2012 , two Arabidopsis genes, RAB18 (AT5G66400.1, Ád max = 0.80) and RD29B (AT5G52300.1, Ád max = 0.71), were identified as candidate genes showing specific expression in the third exposure to a repeated drought stress (SRR921315 and SRR921316) ( Table 1) . When the threshold Ád max is set!0.6, AT2G41190 (Ád max = 0.61) and AT5G45310 (Ád max = 0.60) are also identified as specifically expressed in the same conditions. While AT2G41190 has been implicated in the ABA-independent drought response (Qin et al. 2008) , AT5G45310 is a gene of unknown function. By analogy with the other three genes, AT5G4530 may play a role in the drought stress response.
Whereas almost all genes previously reported as spatiotemporally expressed were detected by our method, several genes including ATS1 were not detected due to low Ád max values ( Table 1) . In case of ATS1, which is specifically expressed in the embryo at later stages of development (Nuccio et al. 1999) , expression data obtained from seed samples of mutant and transgenic plants caused the low Ád max value (Fig. 3B) . This result suggests that the higher the resolution of experimental conditions that the dataset used has, the lower the Ád max values. Therefore, if the resolution in the dataset is extremely high, our current method will not work well. To address this issue, we are attempting to investigate how hierarchical relationships of experimental conditions can be reflected in identification of spatiotemporally expressed genes.
Nonetheless, in one of the two examples of workflows for gene mining in CATchUP (Fig. 8B) , we found genes specifically expressed under experimental conditions consistent with their known functions. This result indicates our method operates well in practice with the current dataset. Furthermore, the retrieved information in the two examples suggested potential roles of genes whose functions have not been identified. First, three orthologous MATE family genes (AT4G00350, Os02g0821600, and Medtr1g100180) may play a conserved role in pollen. Second, Arabidopsis WAKL16 may function in defense against fungal attack. For the functional analyses of these genes, the information on the experimental conditions in which they specifically expressed and in the functional annotations of other genes specifically expressed under the same conditions will definitely be useful. In conclusion, the information provided by CATchUP facilitates the understanding of gene functions in plants.
Materials and Methods

Gene expression data
Gene expression levels (given in FPKM, or fragments per kilobase of exon per million mapped reads) obtained from RNA-Seq data for eight plant species (Arabidopsis, tomato, potato, rice, sorghum, Medicago, grape and soybean) were downloaded from the PODC database. We also collected the manually curated descriptions of experimental conditions for RNA-Seq data from PODC.
Functional annotations of genes
Information on gene functional annotations was downloaded from the PODC. It contains knowledge-based functional descriptions, GO terms, KO, protein domains detected by InterProScan software, and orthologous groups among plant species.
Detection of genes showing spatiotemporal expression
Detection of genes showing spatiotemporal expression profiles was performed using an in-house Perl script (Supplementary Method 1) . A gene was removed from the whole dataset from PODC unless the maximum FPKM value of the gene was >10 (Kudo et al. 2016) . Each FPKM was divided by the maximum FPKM value of the gene. Using this calculation for normalization, the maximum expression level of all genes became one unit. Then, for each gene, experimental samples were rearranged in ascending order of the normalized FPKM values. With this rearrangement, we obtained a row vector g with n elements, g = (g 1 , g 2 , g 3 ,. . ., g n ), where an element g i means a normalized FPKM for the i-th sample (i = 1$n, where n is the number of samples). For the vector elements, the differences Ád i between two neighboring elements, namely Ád i = g i+1 À g i (i = 1$(n À 1)) were calculated. Finally, for each gene, the maximum value Ád max was obtained among all Ád i values. When Ád max is near zero, the expression levels for all experimental conditions are more similar. On the other hand, a higher value Ád max , for which the upper limit is one, indicates that the gene shows significantly higher expression under one or more experimental conditions. For instance, when Ád max = Ád j , the gene is highly expressed in the j-th to n-th samples in the vector. This theoretical aspect, the value of Ád max , is appropriate for an index for the selection of genes specifically expressed in one or more samples. However, it should be noted that the jth to nth samples in the vector are not limited to the same experimental conditions. For instance, a gene detected with this approach may be highly expressed under two or more different conditions, such as leaves and flowers.
System architecture and software for database construction
CATchUP was implemented on a Linux CentOS (ver. 6) server with an Apache web server (ver. 2) and MySQL Database server (ver. 5.6). PHP (ver. 5.6) was used as the server-side scripting language. JavaScript was employed for client-side applications. For rich user interface applications, JavaScript libraries jQuery (http://jquery.com), Vue (http://vuejs.org), Font-awesome (http://fontawesome.io), and Bootstrap (http://getbootstrap.com) were used. 
